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In this thesis, we have used electronic structure calculations and dynamic rate 
theories to investigate nonadiabatic chemical reactions in small molecular systems 
and the triplet-triplet energy transfer processes in complex molecular systems. 
Futhermore, the rate constants of the nonadiabatic reaction and energy transfer are 
quantitatively predicted.   
For the multi-step nonadiabatic chemical reactions of small molecules, we 
choose the hydrogen-transfer reaction of W+NH3 as an example, in which four 
possible nonadiabatic reaction pathways affect the reaction mechanism. Ab initio and 
DFT methods are used to determine all possible intermediates, transition states, 
products, and intersystem crossing points, as well as the nonadiabatic coupling 
strengths. From the rate constants yielded by a non-adiabatic transition state theory, 
we find that the nonadiabatic interaction can affect the whole reaction pathway 
dramatically, which may lead the rate to accelerate. 
For the symmetric triplet-triplet energy transfer, the fluorene dimer, taken as an 
example, is investigated by combining the electronic structure calculations and the 
rate theories. The two key parameters for the control of energy transfer, electronic 
coupling and reorganization energy, are calculated based on the diabatic states 
constructed by the constrained density functional theory. The fluctuation of the 
electronic coupling is further revealed by molecular dynamics simulation. 
Succeedingly, the diagonal and off-diagonal fluctuations of the Hamiltonian are 
mapped from the correlation functions of reorganization energy and electronic 
coupling, and then, the rate is estimated from both the perturbation theory and 
wavepacket diffusion method. The results manifest that the both static and dynamic 
fluctuations enhance the rate significantly, but the rate from the dynamic fluctuation is 
smaller than that from the static fluctuation.  
For the asymmetric triplet-triplet energy transfer process, benzophenone-fluorene 
and benzophenone-fluorene-naphthalene molecules are taken as concrete examples. 
From the calculated electronic couplings of the single-step tunneling and multi-step 
hopping pathways between the donor benzophenone and the acceptor naphthalene, it 
is found that the tunneling comes from the direct single-step hopping, other than the 
superexchange via the virtual bridge state of the fluorene. Furthermore, the 
















high-frequency modes dominate the energy transfer, leading to an important nuclear 
tunneling effect. Succeedingly, the consistent energy transfer rates with experimental 
ones are obtained from the Fermi's golden rule with use of the obtained parameters.  
Key Words: Non-adiabatic transition state theory (NA-TST); Crossing point; 
Triplet-triplet energy transfer; Constraint density functional theory (CDFT); 






















第一章 绪 论 
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合很强时，Marcus 理论也变得无效。为了克服 Marcus 理论在低温时的缺陷，人
们利用量子力学微扰理论推导得到了研究电子转移的严格量子力学公式——目
前被称为 Bixon-Jortner 理论[28]，在高温近似下该理论与 Marcus 理论一致。为了
克服 Marcus 理论只适用于弱电子耦合强度的限制，Landau-Zener[29, 30]非绝热公
式被唯象的引入，核量子效应通过人为地加入从谐振子翻转势能得到的一个隧道
效应系数来修正。然而，由于电子跃迁和分子核运动隧道效应常耦合在一起，导
致该方法失效，其不适用性已有报道。对此，Zhu 和 Nakamura 基于 Landau-Zener
公式发展了包含部分量子效应的 Zhu-Nakamura 模型，对计算电子转移和宏观的
化学反应速率常数有了很大的改进[31]；基于 Zhu-Nakamura 理论，我们进一步提
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